Abstract: There is growing evidence that fishing causes evolution in life-history traits that affect the productivity of fish stocks. Here we explore the impact of fisheries-induced evolution (FIE) on the productivity of North Sea plaice (Pleuronectes platessa) using an ecogenetic, individual-based model by comparing management scenarios with and without an evolutionary response. Under status-quo management, plaice evolve towards smaller size at age, earlier maturation, and higher reproductive investment. Current reference points of maximum sustainable yield (MSY) and corresponding fishing-mortality rate (F MSY ) that ignore FIE will decrease and cannot be considered sustainable. The nature and extent of the change through FIE depend on fishing effort and selectivity. The adverse evolutionary effects can be reduced -and even reversed -by implementing a dome-shaped exploitation pattern protecting the large fish. The evolutionarily sustainable maximum yield can be obtained by combining such a dome-shaped exploitation pattern with a reduction in fishing mortality and an increase in mesh size; it is similar to the MSY that would apply if life-history traits were static. Fisheries managers will need to trade off the short-term loss in yield associated with evolutionarily informed management with the long-term loss in yield FIE causes under evolutionarily uninformed management.
Introduction
Fishing-mortality rates have increased substantially with industrialization, and concerns have been raised that this may cause fisheries-induced evolution (FIE) on decadal time scales (Law and Grey 1989; Rijnsdorp 1993a; Stokes et al. 1993; Heino 1998) . Controlled experiments on different fish species have confirmed that strong selection may result in substantial life-history evolution within a few generations (Reznick et al. 1990; Conover and Munch 2002; van Wijk et al. 2013 ). Analyses of long-term datasets have supported the understanding that FIE in maturation schedules, reproductive investments, and growth rates can occur in exploited populations within a few decades (Olsen et al. 2004; Jørgensen et al. 2007; Kuparinen and Merilä 2007) . Models of evolutionary dynamics under different fishing regimes have corroborated this finding (Thériault et al. 2008; Dunlop et al. 2009; Enberg et al. 2009; Okamoto et al. 2009; Eikeset et al. 2013 ).
Evolutionary changes are directional towards the evolutionary equilibrium engendered by a higher fishing mortality and are expected to reverse only slowly once fishing mortality is reduced (Law 2000; Dunlop et al. 2009; Enberg et al. 2009 ). Moreover, FIE may erode the productivity of a stock, as the commonly observed shift towards earlier maturation and increased reproductive investment reduce somatic growth (Law and Grey 1989) and may affect density-dependent feedbacks determining recruitment (Heino et al. 2013; Kuparinen et al. 2014) , calling for a Darwinian view on fisheries management (Conover 2000; Jørgensen et al. 2007; Dieckmann et al. 2009 ).
The maximum sustainable yield (MSY) and corresponding fishing-mortality rate (F MSY ) have traditionally been used as reference points in fisheries management (Beverton and Holt 1957) . Despite being criticized (Larkin 1977; Hilborn and Walters 1992; Caddy and Mahon 1995) , they have regained a central place in fisheries management since the Johannesburg Declaration agreed to maintain or restore fish stocks to levels that can produce the MSY (United Nations 2002; Heino et al. 2013) . MSY is normally estimated under the assumption of time-invariant parameters for growth, maturation, fecundity, stock-recruitment relationship, natural mortality, and exploitation pattern, even though, when these parameters change in response to fishing, the reference points will change accordingly (Heino et al. 2013 ).
Here we analyse the evolutionary consequences of fishing for North Sea plaice (Pleuronectes platessa) and explore which management measures may reduce fishing's evolutionary impact on traits and yield. In North Sea plaice, FIE has been reported in the onset of maturation, reproductive investment, and growth rate (Rijnsdorp 1993a; Rijnsdorp et al. 2005; van Walraven et al. 2010) . We use an ecogenetic model according to Dunlop et al. (2009) , calibrated for North Sea plaice (Mollet 2010) , to estimate the evolutionary effects of current management and to explore management scenarios aimed at mitigating these evolutionary effects. We examine how changes in fishing selectivity, in particular a dome-shaped exploitation pattern (Law 2007; Hutchings 2009; Jørgensen et al. 2009 ), can reduce, for a range of fishing mortalities and mesh sizes, the evolution of life-history traits and influence the fishery's yield. To estimate the consequences of ignoring FIE in fisheries management, the results are compared with those of a model with static life-history traits. As such, our study is an example of an evolutionary impact assessment (EvoIA) as first suggested by Jørgensen et al. (2007) and elaborated upon by Laugen et al. (2014) .
Materials and methods

Ecogenetic model
Our results are derived from an individual-based ecogenetic model ). Each year, a cohort of individuals is born. Individuals are characterized by three genetic traits that directly and indirectly govern growth by affecting energy acquisition (a), reproduction (c), and maturation (u). Individuals inherit the mean genetic trait values of their parents with variation. Selection occurs because individuals differ in their survival probability and reproductive success in dependence on these genetic traits. The model includes life-history trade-offs between growth and survival and between reproduction and survival and quantifies both the phenotypically plastic response and the genetic response to fishing. Modelled population numbers are set at ϳ50 000 individuals in the unexploited population and drop to ϳ25 000 individuals when the population is exploited at an instantaneous fishing-mortality rate of F = 0.5 year −1 .
The model is calibrated for female North Sea plaice and reproduces the observed changes in life-history parameters in the 20th century (Mollet 2010; Mollet et al. 2015) . In accordance with the historical course of exploitation in North Sea plaice (Rijnsdorp and Millner 1996) , the current population is modelled after a period of 100 years of intensive fishing. Starting from this reference model, management scenarios are evaluated over time periods of 10, 50, 100, and 1000 years. The rationale for including the long time horizon of 1000 years in our analyses is that we want to know the evolutionary equilibrium the population is eventually expected to approach. Naturally, the shorter time horizons of 10, 50, and 100 years are much more relevant from a management perspective. The evolutionary effects are assessed in terms of yield, maximum yield, and corresponding fishing mortality. We examine management scenarios covering various levels of fishing mortality, a range of mesh sizes, and different shapes of exploitation patterns, varying from flat-topped to fully dome-shaped. Details on the model equations, parameterization, and calibration for North Sea plaice are given by Mollet (2010) and in Appendix A. Here we present a summary of the model's salient aspects.
Somatic growth and reproductive investment follow the energy-allocation model by :
where w is an individual's somatic mass, t is its age, and t mat is its age at maturation. The mass-specific energy-acquisition rate a and the mass-specific reproductive-investment rate c are allowed to evolve, while the mass-specific maintenance rate b is assumed to be constant. For smaller fish (<25 cm), the mass-specific energyacquisition rate a is reduced by crowding as a function of the biomass of the smaller fish (Rijnsdorp and van Leeuwen 1996; Teal et al. 2008 ). Since the model is run in yearly time steps, we assume a constant relationship between body mass and body length. Maturation is defined by a maturation reaction norm (Stearns and Koella 1986) , which is assumed to be linear with intercept u and slope s:
Maturation is a probabilistic process, and l p50 defines the reactionnorm midpoints (i.e., the body lengths at which the probability of maturing reaches 50%). Using a probabilistic maturation reaction norm (PMRN; Heino et al. 2002) , we assume that for any given combination of age and size, the probability of maturing is given by
where l is body length, and is a scaling parameter determining the width d of the PMRN (i.e., the difference in body length over which maturation probability rises from 25% to 75%) according to d ϭ 2logit͑0.75͒. Natural mortality is size-dependent and consists of three components: a size-dependent predation mortality rate m p , an acquisition-dependent foraging mortality rate m f , and an investment-dependent reproduction mortality rate m r . Here, m f accounts for the growth-survival trade-off and depends on the mass-specific energy-acquisition rate a. Likewise, m r accounts for the reproduction-survival trade-off and depends on the reproductive investment relative to body mass (expressed in terms of the gonadosomatic index, GSI; i.e., as the ratio of gonadic mass and somatic mass). Through these components, natural mortality decreases from M = 0.23 year −1 at age 0 to M = 0.1 year −1 at ages 3 years and older, mainly due to a decrease in predation mortality.
Recruitment is modelled according to the Beverton-Holt stockrecruitment relationship. The parameters of this relationship are set to keep recruitment nearly constant over the range of spawning biomasses typically observed in our model. The rationale for this choice is twofold. First, the empirical data do not suggest that recruitment decreases at low levels of spawning stock biomass . Second, this allowed us to evaluate the consequences of evolutionary changes in growth and reproduction without these being confounded by possible changes in recruitment. As we did not attempt to calibrate our model to match the population biomass of North Sea plaice estimated by the stock assessment, the yield reported in this study is expressed in relative terms when illustrating changes over time and differences between scenarios.
Exploitation patterns
An exploitation pattern defines how the instantaneous fishingmortality rate experienced by an individual fish (Sampson and Scott 2012 ) depends on its size, age, or stage. Two key factors shaping an exploitation pattern are mesh selection and the relative availability of different fish on the fishing grounds. The fishing mortality resulting from an exploitation pattern is scaled by its maximum exploitation level (F max ; Fig. 1 ).
For bottom trawls such as those used in the flatfish fisheries, the mesh selection can be described by a logistic curve, defined by the mesh size and a species-specific mesh-selection factor ; at body length l = , half of the fish are retained by the trawl, with fewer below and more above that length. In North Sea plaice, the exploitation pattern can be dome-shaped owing to differences in the geographic distribution of size classes and age groups; larger plaice occur in deeper water and disperse over a wider area during the feeding period than smaller plaice (Rijnsdorp and Millner 1996; van Overzee and Rijnsdorp 2015) . The dome-shaped exploitation pattern is modelled by including an availability function that drops from nearly 100% for very small fish to a minimal value of 1 -␦ for very large fish. At body length l = l a (with l a > ), relative availability equals 1 -␦/2. The parameter ␦ thus determines the shape of the exploitation pattern; while the exploitation pattern is flat-topped for ␦ = 0, it becomes more and more dome-shaped as ␦ is increased towards 1 (Fig. 1) . Combining the effects of mesh selection (first factor) and relative availability (second factor), the exploitation pattern of plaice can thus be described by
where F max is the fishing-mortality rate of the size classes that are maximally exploited. Thus, F max can be considered to be proportional to fishing effort. The parameters and respectively determine how steeply fishing mortality increases around l = because of mesh selection and decreases around l = l a because of relative availability. The mortality rate F pop experienced by the population as a whole is given by the mean of the size-specific fishing-mortality rate F l weighted by the size distribution of the population. To realize a target fishing-mortality rate F, F max thus needs to be adjusted when the size distribution of the exploited population changes. Figure 1 illustrates the changes in F max required to compensate for a change in mesh size (upper right panel) or relative To keep the population's target fishing-mortality rate F fixed under these modifications, the maximum exploitation rate F max is adjusted so as to compensate for the resultant changes in the size distribution of the exploitable population (right panels). availability (lower right panel). In our model, F pop is estimated from the annual decline in the number of fish of ages 2 and older, correcting for the number of fish that died from natural causes. On this basis, F max is adjusted each year according to the ratio of F and F pop in the previous year:
Management scenarios
Previous studies have shown that the level of fishing mortality, as well as the shape of the exploitation pattern, influence the evolutionary response to fishing (Hutchings 2009; Jørgensen et al. 2009 ). Managers can change the exploitation pattern by setting minimum mesh sizes, establishing size slots (defined by minimum and (or) maximum harvestable sizes), implementing seasonal or area closures, and imposing gear restrictions.
We explore the combined effects of changing a mesh-size regulation ( = 4, 6, 8, 10, 12 cm) and the shape of the exploitation pattern (flat-topped to fully dome-shaped: ␦ = 0, 0.25, 0.5, 0.75, 1). Since the definition of MSY is problematic when accounting for evolutionary changes in life-history traits, we refer to maximum yield (MY) and denote the corresponding mortality by F MY throughout this paper. These quantities are estimated by running our model for different levels of fishing mortality (F = 0, 0.01, 0.02, …, 1 year −1 ). The MY and corresponding F MY thus represent the evolutionarily stable MSY and F MSY after the population has reached its evolutionary equilibrium.
As a baseline, we consider 100 years of exploitation before present at F = 0.5 year −1 , ␦ = 0, and = 8 cm, reflecting the average fishing mortality and exploitation pattern observed during the 20th century (Rijnsdorp and Millner 1996) . For reference, this status-quo scenario is run for another 1000 years. Results are compared, inter alia, with those for F = 0.3 year −1 , consistent with the current management objective for North Sea plaice (ICES 2014).
Evolutionary impact assessment
To assess management scenarios that help mitigate FIE, the incurred short-term losses in yield need to be weighed against the accrued long-term gains (Laugen et al. 2014) . For each year y a management scenario is evaluated, we therefore compare the yield Y evol,y resulting in the evolutionary model with the yield Y static,y resulting in a corresponding nonevolutionary model, in which genetic trait values are kept static at present values and population changes occur only because of demographic processes. The evolutionary impact I y in year y is then estimated as the yield change Y evol,y -Y static,y relative to the yield Y evol,0 at the start of the management evaluation:
Results
Trait evolution
Under status-quo management (F = 0.5 year −1 , ␦ = 0, and = 8 cm), the population's life history evolves towards a reduced mass-specific energy-acquisition rate, a lower PMRN, and a higher mass-specific reproductive-investment rate (Fig. 2) . After 100 years, the population continues to evolve and approaches an evolutionary equilibrium after about 1000 years when the massspecific energy-acquisition rate and the PMRN stabilize, while the mass-specific reproductive-investment rate is still increasing. In this way, the population evolves to a state of dwarfism, with a mass-specific energy-acquisition rate a about three times lower, a mass-specific reproductive-investment rate c about twice as high, and a PMRN intercept u about five times lower than at the model run's beginning (Fig. 2) . This means that fish mature shortly after birth and invest almost all their acquired energy into reproduction; with little investment into somatic growth, they thus reach only a small maximum body size of less than 10 cm (not shown). The evolution to dwarfism happens because of the increase in the maximum exploitation rate required to maintain fishing mortality at F = 0.5 year −1 given that an increasing proportion of the population does not grow beyond the retention size of the trawls (see below).
We find that management scenarios crucially affect the evolution of life-history traits. When a larger mesh size is used, the shift to dwarfism occurs even earlier, whereas a dome-shaped exploitation pattern may reverse the initial evolutionary response (Fig. 2) . For a fully dome-shaped exploitation pattern (␦ = 1), the mass-specific energy-acquisition rate a and the PMRN intercept evolve to slightly higher levels, and the mass-specific reproductiveinvestment rate c recovers to a similar level as in the unexploited population. This strong recovery of initial trait values is due to selection for faster growth that reduces the time fish spent in the size range in which they are vulnerable to fishing. Under a domeshaped exploitation pattern, increasing the mesh size has only marginal effects on results. As the dome-shaped exploitation pattern imposes peak mortalities on intermediately sized fish, the occurrence of disruptive selection might be conjectured; however, this is not the case, and trait distributions remain unimodal (not shown).
To compensate for the gradual changes in the size distribution of the stock, the exploitation level F max has to be increased so as to maintain the target fishing-mortality rate F. For a dome-shaped exploitation pattern (␦ = 1), F can be maintained over time without needing to raise F max . In contrast, for a flat-topped exploitation pattern (␦ = 0), F max rises and exceeds 2.0 year −1 within 400 years (not shown). If instead F max were fixed, the gradual changes in the size distribution towards smaller size would result in a decrease of F, which would slow down the rate of further evolutionary change.
Evolutionary impact assessment
The comparison of the time trends in yields under different management scenarios forms the basis of the evolutionary impact assessment that provides insight into the evolutionary consequences of different management scenarios and into the trade-off between short-term losses and long-term gains.
Under status-quo management (F = 0.5 year −1 , ␦ = 0, and = 8 cm), yield gradually declines and falls to very low levels after about 500-600 years, coinciding with the evolution of dwarfism (Fig. 3a) . A reduction of fishing mortality to the reference level currently used by ICES (F = 0.3 year −1 ) prevents the evolution of dwarfism, but does not prevent the decline in yield. Imposing a dome-shaped exploitation pattern, in contrast, results in a stable -or even increasing -yield. This scenario shows a shortterm loss in yield during a period of about 10 years when compared with the status-quo scenario or the F = 0.3 year −1 scenario (c) Evolutionary impact during the first 50 years. The considered management scenarios use the current mesh size ( = 8 cm) and combine a flat-topped exploitation pattern (␦ = 0; black lines), a partially dome-shaped exploitation pattern (␦ = 0.5; pink lines), or a fully dome-shaped exploitation pattern (␦ = 1.0; blue lines) with the current fishing-mortality rate (F = 0.5 year −1 ; continuous lines) or the reference fishingmortality rate currently used by ICES (F = 0.3 year −1 ; dashed lines). Results are compared with the scenario providing the maximum long-term yield (F = 0.12 year −1 , = 12 cm, and ␦ = 0.5; yellow dotted lines); see Table 1 . [Colour online.] ( Fig. 3b) . A decrease in fishing mortality to F = 0.12 year −1 , combined with an increase in mesh size to = 12 cm and the adoption of a partially dome-shaped exploitation pattern (␦ = 0.5), results in a gradual increase in yield, exceeding the yields of the other scenarios after 10-100 years. This scenario, however, comes at the cost of a substantial reduction in yield during the first couple of years. This initial decrease in yield is due to two effects: the loss of large fish in the catch after imposing the dome-shaped exploitation pattern and the slow recovery of the population biomass after the decrease in fishing mortality.
The difference between the estimated yields from the models with evolving and static straits, Y evol and Y static , respectively, quantifies the change in yield due to evolution (Fig. 3c) . This difference is already apparent during the first few decades and becomes more pronounced when a longer time period is considered. For F = 0.5 year −1 , Y evol after 50 years is 8% smaller than Y static and 100% smaller with the shift to dwarfism after 600 years. For F = 0.3 year −1 , the relative loss in yield is smaller, reaching about 7% after 50 years and 30% at evolutionary equilibrium. Under a partially dome-shaped exploitation pattern (␦ = 0.5), the decrease in yield amounts to less than 5% (Fig. 3c) .
Management reference points
To estimate management reference points for fishing mortalities F MY that generate maximum yield, we consider the yield curves after 10, 100, and 1000 years of evolution (Fig. 4) . For a flat-topped exploitation pattern (␦ = 0) and a mesh size of ϭ 8 cm, FIE results in a decrease from F MY = 0.26 year −1 in year 10 to F MY = 0.19 year −1 in year 100 and F MY = 0.14 year −1 at evolutionary equilibrium, while the relative MY remains at a level of about 1.15. Increasing mesh size to = 10 cm gives a slightly higher MY at similar F MY , but the fishing-mortality rate F at which yield crashes is reduced because of intensified selection (Fig. 4) .
In contrast, a dome-shaped exploitation pattern may reverse the evolutionary trends and results in a stable yield over a broad range of fishing-mortality rates. Under a dome-shaped exploitation pattern, yield crashes only at extremely high fishing-mortality rates (F > 1 year −1 ), because fish can no longer outgrow the size range in which they are vulnerable to fishing (not shown). FIE shifts F MY towards higher values, whereas the corresponding MY changes only marginally. The MY under dome-shaped exploitation patterns tends to be lower than under a flat-topped exploitation pattern owing to the fishery's selection of fish of intermediate size instead of large size.
The MY and associated F MY after 1000 years of fishing can be considered evolutionarily sustainable, since life-history traits are close to stable. MY are highest for intermediate dome shapes (0.25 ≤ ␦ ≤ 0.75; Table 1), as part of the large fish are caught to maximize yield while the other part is protected to conserve the trait values resulting in large sizes. Under the premise that some large fish are conserved, yield is maximized for large mesh sizes, because the selection of large fish is then stronger within the size range of available fish. Our model suggests that the maximum evolutionarily sustainable yield is obtained for a fishing-mortality rate of F = 0.12 year −1 , a partially dome-shaped exploitation pattern (␦ = 0.5), and a mesh size of = 12 cm (Table 1 ). The corresponding MSY is 12% smaller than that for the model with static traits, which occurs for F = 0.25 year −1 , ␦ = 0, and = 12 cm.
Discussion
Our results indicate that the fishing of North Sea plaice over the last 100 years has resulted in evolutionary changes in life-history traits that negatively affect the stock's yield. Continuation of this fishing regime will further erode the yield. This is predicted to happen on a decadal time scale and must therefore be considered relevant for contemporary fisheries management. Moreover, our study suggests that if this fishing regime is continued on a longer time scale, the population will further evolve and may reach a state of dwarfism. This will not only have severe consequences for the stock's yield, but will also impact trophic interactions and other aspects of the functioning of the North Sea ecosystem (Garcia et 
Dwarfism evolution
The dwarfism predicted by the model under continuation of fishing using the flat-topped exploitation pattern at a fishingmortality rate of F = 0.5 year −1 , about five times the current level of natural mortality (Beverton 1964) , may seem surprising for a large species with a reported maximum body size of 91 cm (Wheeler 1969 ). Yet, dwarfism, resulting from a small maximum body size and a small size at maturation, is not uncommon; it has been reported for many fish species in general (Parker 1992; Sonin et al. 2007; MacColl et al. 2013 ) and within the order of the Pleuronectiformes in particular. In the North Sea, for instance, females of scaldfish (Arnoglossus laterna) (Gibson and Ezzi 1980) and solenette (Buglossidium luteum) (Nottage and Perkins 1983) become sexually mature in their second or third year of life at a length of less than 10 cm and reach a maximum body size of only around 15 cm.
In our model, the maximum exploitation level F max is continually adjusted so as to maintain the population's fishing-mortality rate at a scenario's target level. As F max is roughly proportional to fishing effort, it is conceivable that such maintenance ceases to be economically profitable before the stock's evolution reaches the state of dwarfism.
Exploitation patterns
Our results show that the adverse evolutionary effects of fishing can be mitigated, or even reversed, by reducing the fishingmortality rate, changing the exploitation pattern, or both. In particular, imposing a dome-shaped exploitation pattern is predicted to select for life-history traits that allow fish to grow quickly through the size range in which they are maximally exploited. To this end, fish can increase their growth rate, postpone their maturation, and (or) reduce their reproductive investment. Pronounced evolutionary implications of a dome-shaped exploitation pattern were also observed in model-based studies focusing on cod ). Previous model-based studies have shown that the recovery of life-history traits tends to be slow after the closure of a fishery (Law 2000; Enberg et al. 2009 ); especially when such recovery involves the evolution of delayed maturation, it may be sped up by imposing a dome-shaped exploitation pattern.
Predictions of how a dome-shaped exploitation pattern affects life-history evolution depend on stock-specific circumstances, such as growth rates and the dome's peak and width relative to the exploitable size range. In regard to growth evolution alone (Sinclair et al. 2002) , it has been highlighted before that depending on such circumstances, a dome-shaped exploitation pattern can result in lower survival for slow-growing individuals (positive directional selection), lower survival for fast-growing individuals (negative directional selection), or lower survival for individuals with intermediate growth rates (disruptive selection).
Our results underscore the importance of conserving big, old, fat, fecund female fish (BOFFFFs; Birkeland and Dayton 2005; Hixon et al. 2014 ). These are not only contributing disproportionally to new year classes, but also to the conservation of life-history traits (Law 2007) .
Management implications
In light of the fishery-induced changes in life-history traits observed in our model, estimates of MSY and F MSY that are based on the assumption of static life-history traits cannot be considered as sustainable reference points (Heino et al. 2013 ). Our study shows that it is instead necessary to consider evolutionary models over a time horizon allowing the considered population to approach an evolutionary equilibrium. If the chosen time horizon is shorter, the estimated reference points will again not represent evolutionarily sustainable reference points. In our study, life-history traits are evolving and the modelled population is close to its evolutionary equilibrium at the end of the investigated time period; therefore, the estimated MY and associated F MY can be considered as good proxies of the evolutionarily sustainable MSY and F MSY management reference points.
We have shown that reducing the rate and reversing the direction of FIE in North Sea plaice can efficiently be achieved by changing the shape of the exploitation pattern alongside a reduction in fishing pressure. The introduction of an evolutionarily informed management regime will lead to a short-term drop in yield compared with status-quo management. In contrast, under status-quo management, yield will fall below that of the evolutionarily informed management regime after some time because of the continual erosion of yield due to FIE.
These predictions put a spotlight on the question of how fishery managers can influence a fishery's exploitation pattern. Whereas gill nets are characterized by selecting only intermediate size classes, trawls show a sigmoid selection pattern (Sparre and Venema 1999; Kuparinen et al. 2009 ). Hence, replacing (part of) a trawl fishery with a gillnet fishery will change the resultant exploitation pattern from flat-topped to dome-shaped). A trawl fishery's exploitation pattern can be modified to become more dome-shaped also by varying the spatial distribution of fishing effort; this is possible if size classes differ in their spatial distribution and the fishery increasingly targets fishing grounds where the intermediate size classes dominate (Sampson and Scott 2012) . For North Sea plaice, managers could thus protect the larger size classes by reducing fishing during the spawning period, when all adult size classes aggregate on the spawning grounds van Overzee and Rijnsdorp 2015) .
Model uncertainty
Although our model is calibrated for North Sea plaice females and their life-history traits during the 20th century (Mollet 2010) , the resultant predictions have to be interpreted with care, as they are conditional on the processes included in the model and on the assumptions made for the calibration.
An important simplification of our analysis is that we only consider females. North Sea plaice is a sexual dimorphic species in which males mature at a younger age and smaller size than females and subsequently also grow to a smaller maximum size. As the fishery's selectivity is higher for males than for females (Rijnsdorp 1993b) , it may be even stronger in reality than assumed in our model. In the parameter-rich ecogenetic model we use, different parameter combinations, especially in the growth-survival trade-off and the reproduction-survival trade-off, may result in similarly good fits with observations. Our model calibration assumes a similar steepness in these two life-history trade-offs. Although this steepness affects the speed of evolution, in particular of the traits for energy acquisition and reproductive investment, this effect will be compensated by the adjustment of the coefficients of variation of the evolving traits. As a result, the direction of evolution towards the model's evolutionary equilibria remains the same for different assumptions about the steepness of the life-history trade-offs.
We further assume that during the 20th century, North Sea plaice was fished at a constant fishing-mortality rate of F = 0.5 year −1 , with a flat-topped exploitation pattern, and under constant environmental conditions. While these simplifications provide a reasonable summary of the stock's fishing history, the real situation has of course been more complex. First, Rijnsdorp and Millner (1996) , who reviewed the historic literature and reanalysed the available historical data, showed that fishing mortality varied between F = 0.4 and 0.9 year −1 during the 20th century and virtually ceased during the first and second world wars. Second, the highest fishing mortalities occurred for intermediate size classes. Third, the growth rate of North Sea plaice has not been constant during the 20th century, due to changes in eutrophication, temperature, and density-dependent control on the crowded nursery grounds (Rijnsdorp and van Leeuwen 1996; Teal et al. 2008) .
We model recruitment using a Beverton-Holt stock-recruitment relationship, with parameters that render recruitment independent of population biomass for a broad range of population biomasses. The stock-recruitment relationship, however, may also be affected by FIE. Heino et al. (2013) argued that FIE may increase a population's growth rate in recruitment-regulated populations such as plaice. Using a model parameterized for Atlantic cod (Gadus morhua), Kuparinen et al. (2014) suggested that FIE may influence the production of recruits and the recruit-per-spawner ratio. The extent to which such evolution affects yield depends on the density-dependent processes that regulate population biomass. In plaice, population regulation occurs during the early life stages, in particular when the pelagic larvae settle in the localized nursery areas (van der Veer et al. 2000) . A change in energy acquisition has a direct effect on growth rates after settlement. How this in turn affects survival is difficult to predict and largely depends on the specific ecological conditions regarding food and predators during this vulnerable stage.
The simplifications discussed above underscore that our modelbased predictions must be interpreted with sufficient caution. Eventually, it would be desirable to carry out robustness checks and sensitivity analyses in regard to all mentioned potential complications. Since it has been our goal here to arrive at general predictions for comparing the evolutionary impacts of flattopped and dome-shaped exploitation patterns and of low and high fishing-mortality rates, and since the used ecogenetic model is already complex enough, we think that these simplifications are justified and that the direction of evolutionary responses, as well as the difference between the explored management scenarios, will be robust to such further complications. This conclusion is supported by the similarity in evolutionary responses predicted by our model and model-based studies of other species Enberg et al. 2009; Jørgensen et al. 2009; Eikeset et al. 2013 ).
Evolutionary impact assessment
The current management objective for North Sea plaice is to reduce fishing mortality to F = 0.3 year −1 (Council Regulation (EC) No. 676/2007). Our results show that even at this level of fishing, a substantial part of future yield may be lost to evolutionary effects.
If large fish remain unprotected, the resultant long-term evolutionary loss in yield will eventually exceed the short-term gain. Our model shows that this break-even point occurs 10-40 years into the future, depending on management scenarios (Fig. 3b) . The maximum evolutionarily sustainable yield is estimated to occur at a fishing-mortality rate of F = 0.12 year −1 , a mesh size of = 12 cm, and a partially dome-shaped exploitation pattern (␦ = 0.5). This yield is only slightly less than the maximum yield estimated for the model with static life-history traits, which occurs at a higher fishing mortality and for a flat-topped exploitation pattern (Table 1) .
Managing North Sea plaice to achieve the maximum evolutionarily sustainable yield would imply a substantial loss in yield during the first 10 years following the management change. Furthermore, this short-term loss would be augmented by losses in the catch of sole (Solea solea). As plaice is caught in a mixed fishery for flatfish including sole, turbot (Scophthalmus maximus), and brill (Scophthalmus rhombus) (Daan 1997; Gillis et al. 2008) , an increase in mesh size to 10 or 12 cm would result in a substantial loss in yield of the slender sole. Managing this flatfish fishery will therefore need to trade off the effects of potential management measures across all target species.
In this study, we did not quantify the economic notion that current yield is more valuable than future yield. Economists apply discount rates when comparing current and future costs and benefits Zimmerman and Jørgensen 2015) . On the decadal time scale on which the benefits of evolutionarily informed management accrue, even low discount rates have a major influence on the economic assessment. From a conservation point of view, however, one may argue that the possibilities for future generations to harvest a fish stock should not be discounted against present yield (Laugen et al. 2014) . While the millennial time frame we have used to study evolutionary equilibration is not proposed to be relevant for contemporary fisheries management, the multidecadal time frame over which FIE affects yield is comparable to that of other processes affecting stock productivity, such as climate change (Blanchard et al. 2012) .
The ecosystem approach to fisheries management requires accounting for a fishery's adverse ecosystem impacts in managementstrategy evaluations (Caddy 1999; Rice 2011) . When evaluating costs and benefits of the reduction in fishing effort required to mitigate FIE, it is therefore important to keep in mind that such a reduction will certainly contribute to diminishing other adverse effects of fishing, such as discarding and disturbance of the sea bed and benthic ecosystem. How the changes in exploitation pattern required to mitigate FIE affect other ecosystem services is less easy to predict and will benefit from future study.
In a next step, evolutionary impact assessments need to be carried out for the other species targeted by the North Sea flatfish fishery. Species-specific insights should then be combined in an integrative assessment, including the fishery's ecosystem effects, as explored by Rijnsdorp et al. (2012) . Our study already highlights the multiple benefits of a spawning closure for North Sea plaice, which combines positive effects on the plaice stock and the fishery's revenue with reductions of negative effects regarding FIE and several other ecosystem indicators. Tailored solutions need to be developed in consultation with stakeholders to trade off the salient ecological and economic objectives. 
The length-mass relationship applies immediately after reproduction:
The phenotypic mass-specific energy-acquisition rate a decreases with population biomass relative to the genetically determined mass-specific energy-acquisition rate a g because of intraspecific competition for food. For North Sea plaice, such density dependence is only important on the nursery grounds for fish smaller than 25 cm (Bolle et al. 2004; Rijnsdorp and Van Beek 1991) ; therefore, the energy acquisition of these fish depends on their total biomass B: 
Maturation
The PMRN is determined by an intercept u and a slope s defining the PMRN midpoints l p50 (t) at age t according to eq. 2. For any given age and size, the probability of maturing is given by eq. 3.
Reproduction
The number of 1-year-old recruits is given by
where n is the total number of individuals, and ␥ i is the reproductive investment of individual i. The reproductive success i of individual i is given by its individual fecundity relative to the population fecundity. Assuming a constant egg mass, fecundity is proportional to reproductive investment ␥, and therefore
Natural mortality
Fish are exposed to both natural and fishing mortality. The instantaneous rate M of natural mortality is given by the sum of three mortality rates describing foraging mortality m f (implying a growth-survival trade-off), reproduction mortality m r (implying a reproduction-survival trade-off), and starvation mortality m s (implying a maintenance-survival trade-off):
Data and theory suggest that in marine systems the rate of foraging mortality due to predation scales with body size (Peterson and Wroblewski 1984; Brown et al. 2004; Savage et al. 2004 ). Higher mass-specific energy-acquisition rates a g require higher foraging rates and thus higher risks of exposure to predation:
where no foraging (a g = 0) results in the baseline predationmortality rate w . Depletion of stored energy due to reproduction may lower survival probability (Hutchings and Myers 1994) . Reproduction mor- 
Fishing mortality
The population fishing mortality F pop depends on its size distribution in relation to the size-dependent exploitation pattern. We estimate F pop from the annual decline in the number of fish of ages 2 years and older (age 2+) between the beginnings of years y and y + 1, accounting for the proportion p F,y of fish that die owing to fishing mortality relative to total mortality (i.e., the sum of fishing mortality and natural mortality) during year y:
F pop,y ϭ p F,y ln(N 2ϩ,y /N 3ϩ,yϩ1 )/year
To keep the population fishing mortality F pop,y in our model equal or close to a given target mortality F, the maximum exploitation level F max,y is annually adjusted according to eq. 5.
Inheritance and expression
The genetic values of the three traits evolving in our model (mass-specific energy-acquisition rate a, mass-specific reproductiveinvestment rate c, and PMRN intercept u) are inherited from parent to offspring. Parents for each offspring are selected with a von Neumann rejection algorithm (von Neumann 1951) in proportion to the reproductive success of potential parents (eq. A6). The genetic trait values x g,o of the offspring are then sampled from a normal distribution N with a mean given by the mid-parental value (i.e., the average of the two parental genetic trait values x g,1 and x g,2 ) and a recombination-segregation variance given by a constant coefficient of variation, C: 
